A method is proposed for the determination of several phenolic xenoestrogens in aqueous and solid environmental samples. The method uses solid-phase extraction (preceded by ultrasonic solvent extraction for solid samples), reversed-phase liquid chromatographic separation, and mass spectrometric detection using both atmospheric pressure chemical ionization and electrospray ionization. This method was developed to support several studies undertaken to obtain aquatic and sedimentary data for rivers and seashores in Spain that are likely to be contaminated by endocrine-disrupting compounds (EDCs) as a consequence of wastewater discharge. Nonylphenol polyethoxylates (NPEOs), nonylphenoxy carboxylates (NPECs), nonylphenol (NP), octylphenol (OP), and bisphenol A (BPA) were determined in various samples of surface water and sediment, collected at different locations upstream and downstream from outfalls of municipal wastewater treatment plants (WWTPs). Seawater and marine sediments were collected in different harbor areas in Spain. Additionally, WWTP influent and effluents were analyzed to monitor the occurrence and transformation of phenolic EDCs during physicochemical and biological treatment. Rather high concentrations of the compounds investigated were found in some samples. Concentrations of NP were £590 mg/kg in sediments and £15 mg/L in water samples. NPEOs and NPECs were found in water samples in concentrations £41 and £35 mg/L, respectively. In solid samples (river sediment), concentrations of NPEO were £818 mg/kg and those of NP 1 EC were 95 mg/kg.
T here is growing evidence that some environmental pollutants can affect the health of humans and wildlife species by disrupting their normal endocrine function. The endocrine and reproductive effects of these so-called endocrine-disrupting compounds (EDCs) are believed to be due to their ability to mimic or antagonize the effects of endogenous hormones or to disrupt synthesis and metabolism of endogenous hormones and hormone receptors (1) . Among chemicals that act as EDCs are some common industrial and household products, such as antioxidants, plasticizers, detergents, metabolites of detergents, polychlorinated biphenyls (PCBs), and pesticides. A common structural feature that links these diverse groups of compounds is still undiscovered, and their toxic potential, especially if they occur in complex mixtures, cannot be easily predicted.
The search to identify EDCs has led to discoveries that >30 pesticides and some industrial chemicals can mimic the female hormone estrogen. Among them, phenolic EDCs, i.e., alkylphenol polyethoxylates (APEOs) and bisphenol A (BPA), deserve particular attention because of their massive use and ubiquity in the environment. The global production of APEOs is well over 300 000 tons, and they have been widely used in the last 40 years as detergents, emulsifiers, dispersants, antifoamers, and pesticide adjuvants. Approximately 60% of APEOs that undergo mechanical and biological sewage and sewage sludge treatment are subsequently released into the environment, 85% of which are in the form of metabolic products (2) . During sewage treatment, APEOs are biodegraded by the hydrolytic removal of ethoxy units into more lipophilic and persistent metabolites. Their final breakdown products, alkylphenoxy carboxylates and alkylphenols, have been found to induce the production of vitellogenin, a fish-egg protein normally secreted by the liver of mature female fish after stimulation by estrogen (3) .
Another phenolic compound that can mimic the female hormone estrogen is BPA. It is used extensively in industry in the production of polycarbonate, epoxy resins, flame retardants, and many other products. Its global production is more than 1 million tons/year, and a significant portion is released into surface waters (4) .
In vitro and in vivo experiments have demonstrated that the estrogenic effect of phenolic EDCs is 4 to 6 orders of magnitude lower than that of endogenous 17$-estradiol (5). How-ever, because of their lipophilicity, phenolic EDCs show considerable potential to bioaccumulate in freshwater organisms. It has been reported that concentrations found in certain sewage effluents are sufficient to induce hormonal response in some fish species. Jobling and Sumpter (6) found that nonylphenol (NP) at low microgram-per-liter levels can induce the production of vitellogenin in hepatocytes of cultured rainbow trout.
Consequently, there is an ongoing need to develop analytical procedures that can provide sensitive and selective determination of EDCs in environmental matrixes. Table 1 summarizes a review of current methodology used to quantify various phenolic EDCs in environmental samples. Common methods involve the use of either dichloromethane (DCM) liquid-liquid extraction or solid-phase extraction (SPE), followed by gas chromatography/mass spectrometry (GC/MS). However, these protocols are generally tailored to lent sensitivity for both highly polar ionic compounds and those of medium polarity.
The SPE/LC/MS method used in this work is designed to isolate and quantify phenolic xenoestrogens (structures shown in Figure 1 ) in aqueous and solid environmental samples. It allows easy cleanup and analysis, avoiding the tedious pretreatment and derivatization steps that are currently used when environmental samples are analyzed by GC/MS. This paper reports the results of several studies performed to obtain aquatic and sedimentary data for rivers and seashores in Spain that are likely to be affected by wastewater discharges. Surface waters and sediments were collected from several locations upstream and downstream from outfalls of municipal wastewater treatment plants (WWTPs) on the Anoia and Cardener rivers (Catalonia, Spain). Seawater and marine sediments were collected at different points in harbor areas of Barcelona, Almeria, and Tarragona, Spain. Additionally, the influent and effluents of WWTP La Llagosta (Catalonia, Spain) were analyzed to monitor the occurrence and transformation of phenolic EDCs during physicochemical and biological treatment.
Experimental

Standards and Chemicals
All standards and chemicals used were of the highest purity commercially available.
( 
Sample Collection and Preservation
Surface river sediment (0-20 cm) was collected at 6 sites on the Anoia and Cardener rivers. One site on each river was situated upstream from the local WWTPs, and 2 sites on each river were situated downstream from the WWTPs. River water was collected in Pyrex, borosilicate, amber glass containers. Samples were preserved by storing the bottles at 4°C immediately after sampling.
Marine sediment samples were collected at 14 sites within harbor areas of Barcelona, Almeria, and Tarragona, Spain by using a grab sampler. Samples were taken near the outfalls of industrial plants and municipal wastewater discharges and from different positions apart from these sites. A global positioning system was used to identify each location precisely.
Influent and effluent waters of WWTP La Llagosta were collected in glass bottles as 24 h composite samples. Samples were stored at 4°C immediately after sampling.
All aqueous samples were preconcentrated on LiChrolut C 18 SPE cartridges (Merck) within 24 h to avoid any degradation of the target compounds and loss of sample integrity. After preconcentration, SPE cartridges were wrapped in aluminum foil and kept at -20°C until analysis.
The solid samples were lyophilized and then homogenized by sieving. Dry samples were stored in precleaned glass bottles at -20°C until extraction. 
Sample Preparation
The overall scheme of the analytical procedure used for the determination of phenolic EDCs in aqueous and solid samples is shown in Figure 2 . Briefly, target compounds were extracted from solid samples (river or marine sediment) with methanol-DCM (7 + 3, v/v). Freeze-dried 5 g subsamples were sonicated 20 min with 20 mL of the solvent mixture. The extract was separated by centrifugation at 4000 rpm for 5 min. The extraction was repeated 2 times with fresh solvent mixture. The extracts were pooled and concentrated to an approximate volume of 1 mL by using a rotary vacuum evaporator at 30°C, and the concentrate was redissolved in 100 mL LC water.
An off-line SPE method was used for cleanup and preconcentration of extracts of solid samples and for preconcentration of aqueous samples. Aqueous samples were filtered through a 0.45 µm membrane filter and directly loaded onto SPE cartridges. All experiments were performed with an Automated Sample Preparation with Extraction Columns system (ASPEC XL) fitted with an external 306 LC pump for dispensing samples through the SPE cartridges and with an 817 switching valve for selecting samples (Gilson, Villiers-le-Bel, France). Disposable 6 mL cartridge columns packed with 500 mg LiChrolut C 18 sorbent (Merck) were used. Cartridges were conditioned by passing through 7 mL methanol and 3 mL LC water at a flow rate of 1 mL/min. Samples were loaded at a flow rate of 5 mL/min. After preconcentration, the sorbent was completely dried to avoid hydrolysis by using a Baker SPE 12 g apparatus (J.T. Baker, Deventer, The Netherlands) connected to a vacuum system set at -15 psi.
Trapped compounds were desorbed by using a 2-step elution procedure with solvent mixtures of different polarities in order to obtain fractionated extracts containing contaminants with different polarities and functional groups. The following eluants were used for the stepwise desorption: fraction A, hexane-DCM (1 + 4, v/v), and fraction B, methanol-DCM (9 + 1, v/v). Each elution step was performed by adding two 5 mL portions of the corresponding solvent mixture to the cartridge and waiting 5 min between the additions of the 2 portions in order to keep a good contact time between the solvent and the adsorbed compounds. When samples with a low level of interfering compounds (unpolluted river or seawater and sediments) were analyzed, all compounds were eluted in 1 fraction by using a more polar solvent mixture, methanol-DCM (9 + 1, v/v).
The extracts were evaporated to dryness with a gentle stream of nitrogen and reconstituted with methanol to a final volume of 1 mL. A 50 µL aliquot (or 20 µL for WWTP samples) was injected into the LC system.
Liquid Chromatography/Mass Spectrometry
The LC system consisted of an HP 1100 autosampler and an HP 1090A LC pump (Hewlett-Packard, Palo Alto, CA). A reversed-phase C 18 analytical column (LiChrospher 100 RP-18), 250 × 4 mm, 5 µm particle diam., was used for chro- matographic separation and was preceded by a guard column (4 × 4 mm, 5 µm) of the same packing material from Merck. Detection was carried out by using an HP 1040M diode array UV-Vis detector coupled in series with an HP 1100 mass selective detector, equipped with an atmospheric-pressure ionization source that can use either an APCI or ESI interface. The LC conditions, mobile phases, and MS conditions used are given in Table 2 .
The operating parameters of the MS system were optimized in the full-scan mode (m/z scan values: 100-1000) by flow injection analysis (FIA) of each target compound at a concentration of 10 mg/L.
Quantitation
The target compounds were identified by MS in the full-scan mode by matching the retention times and mass spectra with those of authentic standards. Full-scan positive ionization (PI) mode acquisition with an m/z range from 100 to 1000 was used for the screening of nonylphenol polyethoxylated surfactants, whereas full-scan negative ionization (NI) mode acquisition with an m/z range from 100 to 400 was used for the screening of degradation products (NPEC, NP, and OP) and BPA. Final quantification was performed in the selected-ion monitoring (SIM) mode with external calibration. A series of injections of target compounds in the concentration range from 0.05 to 50 mg/L was used to obtain the calibration equations. Calibration curves (concentration versus peak area) were generated by using linear regression analysis and, over the established concentration range, gave good fits (r 2 values were >0.990). The recoveries (percent of standard added to sample and recovered during extraction and cleanup) and reproducibility (relative standard deviation for triplicate analyses) of the method were determined by a spiking experiment. Replicate (n = 3) analyses were performed by spiking a marine sediment sample and ground water. The marine sediment (5 g) was spiked with 500 µL of a standard mixture of phenolic EDCs to give a concentration of 100 µg/kg. After spiking, the sample was homogenized on a mechanical shaker and analyzed by applying the method described above, together with a blank (unspiked) sample. To determine the efficiency of the extraction of the target compounds from an aqueous sample, the ground water, containing no target analytes, was spiked with each compound at 50 µg/L and analyzed (n = 3) together with a blank sample.
The limits of detection (LODs) of the target compounds in solid samples (sediments) and in aqueous samples (river water, seawater, wastewater) were calculated for a signal-to-noise ratio of 3 (the ratio of the intensity of the signal of each compound in standard solution obtained under SIM conditions to the intensity of the noise); also taken into account were the amount of sample extracted, the volume of the extract analyzed, and the recovery rate obtained from a parallel assay of a spiked sample. The recoveries and LODs are reported in Table 3 .
Results and Discussion
LC/MS
The performances of both the APCI and the ESI interfaces in the detection of NPEOs, their degradation products, and BPA were compared (Table 4) .
With ESI, the polyethoxylated molecules showed a great affinity for alkali metal ions, and NPEOs were detected as [M + Na] + adducts, because of the ubiquity of sodium ions that originated from the sample itself or from the solvents used. Consequently, when ESI was used, it was necessary to fortify the sample extracts with sodium ions before injection to avoid the possible decrease in NPEO ionization due to insufficient availability of metal ions. On the other hand, when APCI was 
Method Validation
Method validation was based on relative recoveries of target compounds from spiked samples. Target compounds were quantified in triplicate in marine sediment fortified at 100 µg/kg and in ground water fortified at 10 µg/L. By the protocol used for more complex matrixes (2-step elution with solvent mixtures of different polarities), the target compounds are eluted in 2 fractions. The less polar compounds (NPEOs, NP, and OP) are recovered in fraction A, together with other nonionic surfactants (alcohol ethoxylates [AEOs] and coconut diethanolamides [CDEAs]), whereas more polar analytes (NPEC and BPA) are quantitatively recovered in fraction B, together with anionic surfactants (linear alkyl benzenesulfonates [LASs] ). The overall recoveries were as follows: NPEOs, 102%; NPEC, 88%; OP, 81%; NP, 91%; and BPA, 94%.
Under the experimental conditions used, the LODs (Table 3) for water samples were <0.2 µg/L, and for sediment samples, <10 µg/kg. These LODs are typically lower by a factor of 10-100 than reported effect concentrations, and the goal of monitoring phenolic EDCs in environmental samples was easily attained.
Method Application
River water and sediment.-Water and sediment samples were taken during January 2000 from 2 tributaries of the Llobregat river that supply water to the city of Barcelona. NPEOs and their degradation products, NPEC and NP, were found in all water samples (Table 5 ). High concentrations of NPEC were found at 2 sites on the Anoia river: 35 µg/L near the WWTP discharge and 21 µg/L downstream. Concentrations in sediments taken at the same sites are listed in Table 5 . Sediment appears to act as a sink for NPEOs and their degradation products. Both NPEOs and NP were found in high concentrations. At sites situated near the WWTP effluent discharge, sediment concentrations of NPEOs and NP were 818 and 355 µg/kg, respectively, in the Anoia river and 450 and 320 µg/kg, respectively, in the Cardener river. High concentrations of OP were also found in samples located downstream from WWTPs ranging from 40 to 204 µg/kg in the Anoia river, and from 15 to 120 µg/kg in the Cardener river. The total ion chromatogram (acquired by MS under NI conditions) of a sediment extract, extracted chromatograms for m/z values corresponding to OP and NP, and their mass spectra are shown in Figure 4 . NPEC was found in 2 samples of the Anoia river downstream from the WWTP in concentrations of 21 and 95 µg/kg.
In a previous study conducted between April and June 1999, the biological implications of exposure to high concentrations of EDCs (mainly NP) in the Anoia and Cardener rivers were reflected by the presence of plasma vitellogenin in male carp collected at the same sites as the water and sediments samples (28) . During this current field study, adult carp (Cyprinus carpio) were disabled by a direct-current electric pulse, and blood, liver tissue, and other organs were collected for chemical and biochemical analyses. This research is still in progress, but visual inspection of reproductive organs of male carp, collected in the Anoia river downstream from the WWTP, revealed that approximately 25-30% showed inhibition of testicular growth and formation of egg cells in testes (29) . This observation confirms recent findings that estrogenic effects in wild fish are more widespread than previously thought (15) .
Marine environment.-The results for water samples (Table 6) show that measurable levels of NP were found in 5 of 10 samples. Levels ranged from <0.15 (LOD) to 2.7 µg/L. Generally, sites in Barcelona harbor, near the outflow of sludge and the outflow of the Besos river, yielded the highest concentrations (2.1-2.7 µg/L). However, these concentrations are about 10 times lower than the lowest concentration of NP (20.3 µg/L) required to induce a significant elevation of the plasma vitellogenin concentration in mature male rainbow trout in a 3 week exposure (26) . Nevertheless, these concentrations may be cause for concern with regard to long-term effects on the reproductive health of fish. The concentrations of NP in this study are comparable to those obtained by Blackburn et al. (25) , who reported concentrations from <0.2 to 5.8 µg/L in harbors and offshore areas of the coastline of England and Wales. A measurable level of OP was found only at 1 site near the outflow of a chemical plant in Tarragona harbor. NPEOs were found at 4 sites in concentrations up to 3.3 µg/L. NPEC and BPA were not detected in these samples. In general, the concentrations in water are relatively low when one considers the industrial activity and urbanization that occur in the areas studied, and they are substantially lower than the concentrations found in river water (see Table 5 ).
Because matter, suggesting that they will be incorporated into the underlying sediment. NPEOs were found in all sediment samples in concentrations up to 325 µg/kg dry wt. The concentrations were approximately 50 to 100 times greater in the sediment than in the water at these sites (30) ; this finding is in agreement with the expected partition coefficient. Several samples were found to be heavily contaminated with NP concentrations up to 590 µg/kg. The highest values were found in sediments in close proximity to the discharge points in Barcelona and Almeria harbor. NPECs were found in 4 of 14 samples, in concentrations up to 92 µg/kg. Concentrations of BPA were below the LODs. Sediment is a modest sink for BPA because of its moderate solubility (120 mg/L) and low K ow (log K ow , 3.32; 4). A measurable concentration of OP (21 µg/kg) was found only in sediment from Tarragona harbor, indicating that octylphenol polyethoxylates were probably being used in industrial applications in that area. Several studies reported similar concentrations of NPEOs, NP, and OP in marine or estuary sediments. The concentrations of NP in 2 estuaries in northeast England ranged from 30-80 µg/kg in the industrialized and urbanized Tyne estuary to 1600-9050 µg/kg in the highly industrialized Tees estuary (15) . The concentrations of OP were 1 order of magnitude lower than the NP concentrations. Reported levels of NPEOs were from 125 to 3970 µg/kg.
Wastewater analysis.-The developed SPE/LC/(APCI/ESI)MS method was applied to the analysis of wastewater influent and effluents of WWTP La Llagosta and was used to study the behavior of NPEOs and their degradation products in the biological treatment of sewage. The change in concentration of phenolic EDCs during primary and secondary treatment is shown in Figure 5 . Untreated wastewater as well as the primary effluent contained considerable amounts of NPEOs (172 and 148 µg/L, respectively). The major metabolic products NPEC and NP were detected at low concentrations in the primary effluent, but their concentrations significantly increased after biological treatment. Laboratory tests and field studies have shown that under anaerobic conditions the most favored pathway of NPEO degradation is progressive hydrolytic shortening of the polyethoxylated chain and formation of mono-and diethoxylates, whereas under aerobic conditions this process is combined with oxidative degradation of glycol and alkyl moieties, leading to the formation of mono-and dicarboxylated forms (2) . In sewage-treated effluent, the concentrations of NP and NPEC were 12.8 and 5.9 µg/L, respectively. Parent NPEOs were efficiently eliminated during biological treatment, but biodegradation resulted in the formation of persistent metabolites that were discharged into the environment. These metabolites (NP and NP 1 EC) contributed >59% of the total nonylphenolic compounds found in the effluent, and the overall elimination rate for nonylphenol compounds was 81%. BPA was easily removed in the biological wastewater treatment system (>99%), mainly by biodegradation; BPA is not likely to be found in secondary effluent or in digested sewage sludge (10) .
Conclusions
The application of an SPE/LC/MS method to the determination of phenolic EDCs in environmental samples has been described. LC/MS combined with SPE permits the sensitive determination of NPEOs, NPEC, NP, OP, and BPA at subparts-per-billion levels in aqueous samples and at low parts-per-billion levels in solid samples. The results of several field studies, although chosen only as examples to demonstrate the utility of the method, show that estrogenic com- pounds are widespread contaminants in the environment. Discharges of sewage effluents with considerably high concentrations of phenolic EDCs (especially NP) into rivers and the marine environment are likely to cause contamination that can induce estrogen-like activity and produce effects in combination with other EDCs (e.g., natural and synthetic estrogens and progestrogens).
NPED surfactants and their persistent metabolites were detected in significant concentrations in river water and sediments in the Catalonian area, especially at sites situated downstream from local WWTPs. High concentrations of phenolic EDCs (mainly NP) were found in sediments collected near discharges of domestic or industrial wastewaters in Spanish harbor areas.
